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 Introduction 
T he complexity of human society has always been limited by available energy. For more than 10,000 years, the foundation of society has been bioen-
ergy in the form of grass, crops, and trees for food for 
humans and other animals, as well as being a source 
of heat.1,2 Over the last 800 years, modern global soci-
ety has established itself using bioenergy and then di-
verged away from it to predominantly use coal and then 
oil. Fossil fuels have supported extensive increases in 
the complexity of society, but they have also been as-
sociated with a number of increasing costs from im-
ported foreign oil and climate change, among other 
issues.3,4 The costs and risks from fossil fuels have re-
cently prompted policymakers globally to exploit a 
greater fraction of domestic bioenergy potential.5 Yet, to 
have realistic expectations for the complexity of society 
and successfully adapt to the limitations of bioenergy, 
a clear understanding of the fundamental physical laws 
that make energy essential for sustaining complexity is 
needed, as well as a global historical perspective to pro-
vide a reliable guide for predicting future long-term en-
ergy trends.  
Energy drives complexity 
Thermodynamics is concerned with the limits of 
available energy to produce order.6 The second law of 
thermodynamics states that the natural direction of 
change in all physical systems is toward increasing dis-
order yet ordered structures exist at a large range of 
spatial and temporal scales.7 In a gas isolated from out-
side energy, atoms and molecules move randomly 
and collide with one another in a system lacking or-
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Abstract 
The history of civilization is biased toward the use of bioenergy because of the biophysics of life and 
the structure of our natural environment. Energy physically drives the creation and maintenance of 
complex systems, which is shown here from simple molecular structures to empires. Only a fraction 
of the complexity currently supported by fossil fuels can be maintained using the energy in plant bio-
mass alone, which is limited by global net primary productivity. From the dawn of civilization, agricul-
tural land has always been used for energy for transportation, via feed for animals, and there has al-
ways been a trade-off between “food, fuel, and environment.” The United States (USA), Germany, and 
Brazil now use roughly 12% of agricultural land for biofuels, but energy efficiency improvements by 
2050 could require only 11% of US agricultural land or 15% of forest land for biofuels to support all 
modes of US transportation. Despite its limitations, bioenergy has been extensively used for thou-
sands of years and probability theory suggests it will continue to be a critical energy resource. 
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der. When energy enters this gas in the form of heat 
(e.g. from burning biomass), trillions of atoms self-orga-
nize like a school of fish and move in the coherent pat-
terns of fluid dynamics (Figure 1a).8,9,10 The ordered en-
ergy in a system that is available to do maximum work 
on its environment has been defined as free energy6–8,11 
(oft en alternatively defined as exergy12). From fluids 
to organisms to empires, local order arises in far-from-
equilibrium open systems from inputs of free energy, 
thus counteracting the natural pull toward disorder de-
scribed by the second law of thermodynamics.6–8 
The evolution of energy and matter in the universe 
has produced a spectrum of ordered structures that 
have emerged over billions of years, from galaxies to 
planets to organisms and empires. Far-reaching insight 
into the general evolution of all forms of complex sys-
tems shows that higher rates of energy conversions are 
generally needed to support greater complexity.8 Each 
more complex class of structure has been shown to con-
vert roughly ten times more free energy per second per 
unit of mass (e.g. power per gram) (Figure 2a). These 
structures also build on top of one another in a hierar-
chy to produce more complexity, such as proteins must 
first be assembled to build living organisms, to then 
build society. In addition to the use of measurements of 
free energy rate densities, other methods have also been 
developed to measure complexity.13 
For ordered life on the Earth’s surface, free energy 
in the Sun’s radiation is transformed in plants into 
complex biochemical polymers such as cellulose, us-
ing photosynthetic chemical reactions that organize 
millions of atoms in the process. The energy in sugar 
Figure 2. Increasing rates of energy transformations and complexity in nature and society (log scales): (a) 
energy conversion per time and mass for complex systems,8 (b) energy use at different stages of human 
history.19    
(a)                                                          (b)                                                           (c) 
Figure 1. Ordered atoms from energy transformations: (a) fluid motion of heated smoke from burning 
biomass (cigar), ~0.01 liters air, ~6 × 1020 particles, (b) chaperonin protein from cattle,52 Bos taurus, 6.6787 
× 104 atoms, and (c) Zebra, Equus sp., wild relative to the horse, ~3.9 × 1028 atoms. Sources: Samimy et 
al.,10 Protein Data Bank,52 http://www.rcsb.org/ , and Wikimedia Commons.    
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(“biofuels”) in organisms is then transferred in chem-
ical synthesis reactions to organize tens of thousands 
of atoms, producing other complex molecules like pro-
teins (Figure 1b).9 Within a single cell containing mil-
lions of proteins, trillions of atoms become organized 
by conversion of biomass energy (throughout this re-
view, bioenergy, biomass, and biofuels are assumed 
synonymous because they all denote limited chemical 
energy in various forms that can be used in a multi-
tude of processes). 
Plant biomass has provided energy for the evolu-
tion of herbivores from single-celled fungi to insects to 
much larger-hooved quadrupeds. Organisms evolve by 
increasing body size (Cope’s rule) to access and store 
more chemical energy, and by diverging into structur-
ally efficient specialized forms to acquire limited en-
ergy from external niches (e.g. adapted bird beaks for 
extracting energy from different plant seeds).14,15 The 
second law of thermodynamics ensures the majority 
of the stock of free energy in plants is eventually lost 
as unusable heat when it is eaten by animals and con-
verted to internal metabolism (thermal energy) and an-
imal locomotion (kinetic energy). This loss of free en-
ergy as heat then reduces the free energy available for 
large predators (e.g. lions and humans) and explains 
why big fierce animals are so scarce in nature: there is 
not enough energy to maintain numerous copies of their 
complex structures.15 The limited complexity in nature 
provides a reference for understanding why very large 
human populations are improbable from a long-term 
thermodynamic perspective, because maintaining them 
requires enormous amounts of energy. The mass of hu-
manity (containing ~55 million tons of carbon) is now 
roughly 10 times larger than the mass of all other terres-
trial wild mammals on Earth, excluding domestic ani-
mals and livestock.2  
An average Mongolian horse weighing 400 kg16 
consumes 77 megajoules (MJ) of biomass energy per 
day1 to maintain its efficient and coherently organized 
atomic structure. Assuming a similar tissue composi-
tion as humans containing oxygen (61%), carbon (23%), 
hydrogen (10%), nitrogen (2.6%), calcium (1.4%), and 
phosphorus (1.1%),17 a horse is calculated here to con-
tain about 39,000 trillion trillion atoms (3.9 × 1028) or-
ganized into a coherent complex organism (Figure 1c). 
If a horse were unable to feed on the free energy in 
grass, this organism would rapidly lose its order (e.g. 
die) and its atoms would diffuse randomly into the at-
mosphere according to the second law of thermody-
namics (during the thermodynamically spontaneous 
oxidation of biopolymers, Gibbs free energy decreases 
and entropy increases18). 
By the same physical laws that act in fluid mo-
tion and in organisms, the complexity of society (e.g. 
roughly measured as the number of subcomponents 
and interconnections) also increases in general with 
higher rates of free energy conversion per person.8,19,20 
Progressive stages of human history have used expo-
nentially increasing amounts of energy for food, ma-
terial security and wellbeing, and transportation (Fig-
ure 2b). Life in a sod house in Nebraska, USA, in 1886 
used immensely lower energy and exhibits great sim-
plicity relative to modern life in a highly ordered city 
such as Hong Kong, China (Figure 3). But after the rate 
of energy transformations has increased and produced 
more complexity in society, related energy limitations 
and subsequent decreases in energy flows, efficiency 
gains aside, will ultimately lead to a loss of complex-
ity (Figure 3c).21 
The inescapable physical law that complexity re-
quires transformations of free energy raises the impor-
tance of energy resources in the historical development 
(a)                                                         (b)                                                          (c) 
Figure 3. Energy transformations and complexity in society: (a) low energy society based on biomass in 
Nebraska, USA, 1886, (b) complexity sustained by high rates of energy flows in Hong Kong, China, and (c) 
Roman ruin in North Africa after energy flows have been withdrawn. Sources: S.D. Butcher, US Library of 
Congress, and Wikimedia Commons.
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of society. Just as organisms capture limited energy to 
drive their complexity, society captures limited energy 
from the environment to maintain its own complexity. 
In a further corollary, the general recurring thermody-
namic efficiency of living forms has enabled them to 
survive for millions of years. In considering the future 
design of society, adaptations using similar levels of en-
ergy efficiency are likely to increase the long-term stabil-
ity of society. 
Energy resources and empires 
throughout history 
Building on biological complexity, the horse was the 
vehicle and biomass was the energy resource to create 
and maintain the largest pastoral land empire in history. 
The Mongol empire (1206–1368) controlled nearly all of 
Asia and Eastern Europe using roughly 800,000 horses 
in a pastoral empire based on limited bioenergy.22 With 
an average moderate metabolism rate of 77 MJ per day, 
the total energy used for herding and trade to maintain 
the Mongol empire was roughly 23 petajoules (2.3 × 1016 
joules) per year at its peak (Figure 4). The Internet of the 
age was composed of 50,000 horses to move information 
across the empire.23 
Since the demise of the Mongol empire, three 
global empires have made use of different primary 
energy sources to create and sustain their global mar-
itime trade networks and to counteract the tendency 
toward disorder. The United Provinces (Netherlands) 
in the seventeenth and eighteenth centuries relied on 
wind and biomass, the United Kingdom (British Em-
pire) of the late nineteenth and early twentieth centu-
ries relied on coal, and now the USA’s global military 
and trade empire relies primarily on oil.24 Each suc-
cessive empire used new innovations and increasing 
technological complexity to access larger energy re-
sources and convert them to useful services at a faster 
rate (Figure 4). 
By 1700, the Netherlands transformed roughly 
0.0004 exajoules (EJ) of wind energy per year, with 
approximately 50% powering its navy built from 
trees and 50% powering its windmills (Figure 4); this 
was equivalent to <5% of the massive amount of peat 
burned per year for heat which increased annual en-
ergy use to 0.008 EJ.1 Roughly 240 years later, at the 
height of the next global maritime empire in 1940, 
Britain used 700 times more energy per year (5.4 EJ) 
from coal.25 Only 10 years later the next maritime 
power (USA) used nearly 37 EJ of energy annually, 
which increased to 105 EJ in 2008 (using coal, natu-
ral gas, oil) (Figure 4).26 Total energy use today by 
the leading military and trade empire is 13,000 times 
higher per year than by the Netherlands global empire 
in 1700. 
Each of these empires initially exploited available 
domestic energy resources, with the United Prov-
inces, the United Kingdom, and the USA having abun-
dant wind, coal, and oil resources for transportation 
systems, respectively. Oil fuels nearly all transporta-
tion in the USA, but with only 20.7 billion barrels of 
proven reserves, 98.7% of global oil reserves lie outside 
of the USA today.27 Because of the critical value of oil 
as a transportation fuel, ~90% of the remaining proven 
global oil reserves have been nationalized. 28 From 2007 
to 2010, 57% of US oil consumption came from imports 
averaging $263 billion per year.26 Oil import costs are 
now contributing to debt in a number of countries29,30 
and military activities related to trade routes further 
add to these costs.3 
In addition, climate change from burning fossil fu-
els is projected to cost tens to hundreds of trillions of 
dollars globally by 2100.31 These costs will come from 
more intense droughts and floods, rising sea levels, in-
creasing storm intensity, heat waves, other weather-re-
lated disruptions, and associated adaptation.4,31 As the 
complete costs of fossil fuels are accounted for, society 
will continue to rely on the widely available bioenergy 
resources that have fostered its development.
Figure 4. Eight hundred years of increasing rates of energy 
conversions (log scale) in successive global empires and an 
approximate HANPP threshold. Fossil energy (black) and bio-
energy (green) are shown. Mongol empire energy use (horse 
feed) over time was assumed proportional to land area.53 
United Provinces energy use over time was assumed propor-
tional to out-bound fleets to the East Indies54 increased by 20-
fold to account for the larger use of peat for fuel.1 The USA 
used nearly all bioenergy up to 1800.26    
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Bioenergy trade-offs, net primary produc-
tivity, and future biofuel area 
Before becoming the foundation of the Mongol em-
pire, the horse was first domesticated 6000 years ago in 
Asia as a food source and used soon after for transpor-
tation.23 Thus from ancient times it is clear that use of 
limited biomass resources involved a trade-off between 
food and fuel, having either horse meat or transporta-
tion. Horse ancestors in North America became extinct 
9000 years ago due to overhunting and climate change, 
but the horse was later brought back to North Amer-
ica in 1493 and after by European colonizers.23 By 1910 
in the USA, 35–40% of agricultural land provided feed 
for horse power on farms (20–25%) and for urban trans-
portation (15%), with an average daily diet of 1 kg oats, 
2 kg corn grain, and 4.5 kg of hay per animal.1 Here 
again, people had to make a choice between having ei-
ther food or fuel. 
There are now 400 million draft animals used glob-
ally, including 58 million horses that are vital for farm 
power and transportation.32 Clearly people today are 
still involved in a trade-off between food and fuel, by ei-
ther using livestock for meat or for transportation and 
crop production. Since the dawn of civilization and the 
domestication of the horse, agricultural land has always 
been used for energy for transportation: this is the nor-
mal order of human society. 
In addition to transportation, human ancestors have 
controlled biomass fires for at least 790 000 years.1 Since 
1700, ~40% of global forests have been harvested for 
fuel, building material, and to increase energy harvests 
from agriculture.33 Fuelwood is now the primary en-
ergy source for heating and cooking for ~2.6 billion peo-
ple (~40% of global population) and contributes to ~55% 
of global deforestation.33 Society has always made trade-
offs between fuel and the environment and will con-
tinue to do so. 
When contemplating the future design of society 
and the use of bioenergy, how long are these patterns 
likely to occur? The fundamental premise of probabil-
ity is that the long-term patterns of the past will ap-
proximate the frequency of future events.34 Based on 
the biomass use described, there is a high probabil-
ity that a measurable fraction of society will continue 
to burn biomass for transportation and power (primar-
ily via animals). This proposition is also supported by 
the fact that, in general, processes that have a long du-
ration in the past are likely to exist for a long time into 
the future, and those that have existed for shorter times 
are likely to have shorter futures. First published in Na-
ture in 1993, J.R. Gott developed a statistical theory to 
estimate the duration of processes based on the above 
idea, and his method has subsequently been shown to 
accurately predict the future duration of a range of sub-
jects, including the lifetime of the Berlin Wall, the So-
viet Union, world leaders, Broadway plays, the Titanic, 
and the Hindenburg airship.35,36 
Based on Gott’s method, if one assumes they are 
currently observing humanity at a random point over 
its entire duration of fire use (including future use), 
there is a 95% probability that biomass will be burned 
for energy for between 20,000 years (790,000 × 1/39) 
and 31 million years (790,000 x 39) into the future, 
based on past patterns. If only the higher levels of bio-
mass use are considered since the expansion of agricul-
ture and the building of the Pyramids of Egypt (4500 
years ago), then there is a 95% probability of a simi-
lar level of use for roughly 120 to 180,000 years. All 
probabilities are conditional and more information 
could narrow the confidence intervals of these predic-
tions, but this would likely make the prediction less 
reliable.37 When considering any practical design and 
management for the relevant future, historical trends 
and probability theory suggest that agricultural bioen-
ergy for transportation and power will effectively al-
ways be an integral part of human society. 
Global terrestrial net primary productivity (NPP) is 
the finite amount of free energy captured annually in 
biomass. Over the last 30 years, global NPP has been rel-
atively constant at 53.6 Pg per year, with annual vari-
ability of only 2%, although recent estimates have 
ranged from 48–65 Pg per year.2,38 In 2004, the highest 
regional Human Appropriation of NPP (HANPP) was 
estimated to be 80% in South Asia and 70% in Western 
Europe, while global HANPP was roughly 20% (11.5 
Pg of carbon).2 In 2000, global harvests of fuelwood and 
roundwood totaled roughly 6.9 Pg of carbon (40 EJ), and 
comprised ~10% of the 382 EJ of global energy use (305 
EJ from fossil fuels).2 
With new satellite measurements and analysis, 
HANPP globally today is estimated at 38% (20 Pg car-
bon), with 11% used for agriculture (6 Pg).38 Society is 
expected to be able to only access 10% more NPP (5 Pg) 
due to preserved land and carbon in roots. Higher rates 
of NPP use, however, have also been suggested as an in-
dicator of the increasing environmental impacts of soci-
ety, and higher use will clearly lead to degradation of 
the environment in many situations.20 
With a hypothetical 25 Pg carbon of HANPP (~48% 
NPP globally), roughly 145 EJ (1.45 × 1020) of bioen-
ergy could possibly be utilized for food, heating, ma-
terials, and transportation annually (Figure 4). Future 
NPP could be increased with improved water manage-
ment, increasing atmospheric CO2 concentrations, and 
global warming adding to the total heat available for 
plant growth. But NPP growth could also be reduced by 
increasing droughts and increased plant and soil respi-
ration, making future estimates of net changes in NPP 
highly uncertain.2 
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As a fraction of HANPP, liquid biofuels based on 
crops (e.g. sugarcane, maize, and soybean), pasture 
(e.g. switchgrass), and forests are merely continuing the 
practices of thousands of years of using limited plant 
bioenergy for transportation. Today on three different 
continents, the USA, Brazil, and Germany have allo-
cated 10–12% of crop area for biofuels (Table 1). The fu-
ture duration of these practices can be estimated, but the 
higher NPP of the Tropics will always give this region 
a greater bias toward biofuels than temperate regions. 
Based on Gott’s theory, ethanol industries that have en-
dured since roughly 1977 in Brazil and the USA can be 
estimated to have a 50% probability of future duration 
of 12 to 100 years, with a 25% probability they will be 
obsolete in less than 12 years and a 25% probability they 
will be in use for more than 100 years.35 
All forms of modern biofuels are obviously not 
equally efficient or environmentally benign,39 but their 
use is rational when balanced against the costs and risks 
from other energy sources at an appropriate level of de-
mand. The renewable chemical energy in biomass can 
be stored as a solid, liquid, or gas and it generally does 
not contribute to climate change when burned.40 Use 
of biofuels can reduce net carbon emissions to the at-
mosphere (with appropriate land-use change manage-
ment),41 reduce oil wars, spills, and imports,3 and fos-
ter global rural development for billions of people. On 
the other hand, biofuels from agricultural land do ul-
timately compete with food production (NPP is lim-
ited), thus increasing the risk of food shortages, if food 
production and use is not made more efficient. Bio-
fuel production could also degrade the global ecosys-
tem by depleting soil resources, increasing deforesta-
tion and carbon emissions, and reducing biodiversity. 
33,39 It is clear that biofuels must be developed in such 
a way that limits the disruption of native ecosystems, 
such as relying on high yield crops,42,43 decaying forest 
resources (e.g. beetle-killed pine),44 and other high-den-
sity biomass. 
Along with biofuel development, there is a global 
trend toward energy efficiency that could reduce US oil 
consumption, while still maintaining the services that 
oil provides. 45 For example, countries like Japan and 
Germany already use roughly half of the energy per 
capita per year as the USA due to more efficient hous-
ing and transportation systems, but they still enjoy sim-
ilar standards of living.1 Recent trends in energy effi-
ciency are driven in part by energy price increases, but 
these trends also fundamentally mimic the thermody-
namic efficiency of the structures of organisms for en-
ergy capture and conversion to useful work, as already 
discussed. A recent study estimated global energy use 
could be reduced by 73% by ultra-lighting and im-
proved aerodynamics for vehicles, building insulation, 
and other techniques, with minimal loss of services.46 
These improvements would reduce waste heat, reduce 
vehicle mass and the energy needed to overcome the 
force of gravity, and use more information in design.47 
A practical efficiency plan indicates a possible 67% re-
duction of transportation energy use and carbon emis-
sions for Munich, Germany, from 2008 to 2058.48 An ex-
ample of a revolutionary improvement in transportation 
efficiency is the new diesel-electric hybrid two-seater car 
from Volkswagen that is 21% carbon fiber and gets 230 
miles per gallon (mpg), and is expected be sold in Ger-
many in 2013.49   
Table 1. Land area for biofuels in three countries on three continents in 2010. 
 United States  Germany  Brazil 
Crop area, arable land  100% (128 Mha†)  100% (11.9 Mha§)  100% (61.2 Mha§) 
Corn-ethanol  9.9% (12.7 Mha†)  –  – 
Sugarcane-ethanol  –  –  7% (4.3 Mha¶) 
Sugar beet/wheat-ethanol  –  2% (0.24 Mha∞)  – 
Soybean-biodiesel  1.7%(2.2 Mha‡)  –  5.1% (3.1 Mha#) 
Rapeseed-biodiesel  –  7.6% (0.91 Mha∞)  – 
Corn/crops-biogas (heat/elec.)  –  7.5% (0.90 Mha∞)  – 
Biofuel Area  11.6% (14.9 Mha)  9.6% (1.2 Mha)  12.1% (7.4 Mha) 
  total bioenergy 17.2% (2.1 Mha)  
† 13.3 billion gallons in 2010 at 411 liters per Mg corn grain,26 39 % of US corn production.26, 55 
‡ 343 million gallons26 at 205 liters per Mg soybean seed,5 7% of US soybean production.26,55 
§ Crop area for 2009.56 
∞ Biofuels crops for 2011.57 
¶ 55% of 7.8 Mha in 2010.50 
# 13% of 23.5 Mha in 2010.50     
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With increasing transportation efficiency, biofu-
els can contribute to a greater fraction of fuel use, such 
as in Brazil in 2010 where ethanol was 54% of the gas-
oline market (25% gasoline blend plus hydrated etha-
nol50) and used only 7% of agricultural land (Table 1). 
Recent extensive analysis suggests revolutionary en-
ergy efficiency improvements (including vehicle fuel ef-
ficiency at 125–240 mpg) could reduce US oil demand 
for all transportation modes by 84% by 2050.49 Increas-
ing US fuel efficiency has already begun with the 2012 
CAFE standards that mandate an increase in vehicle ef-
ficiency from 35.5 to 54.5 mpg from 2016 to 2025. An-
nual demand by 2050 could require only 254 billion li-
ters of biofuel to sustain all US transportation, and 
grown on only 11% of agricultural land for sweet sor-
ghum or 15% of forest land for short rotation hardwood 
(Table 2). Alternatively, 6% of agricultural land and 7% 
of forest land could be used, but in either scenario, less 
crop land would be needed for biofuels than used today. 
These biofuels would provide 6.9 EJ of energy, which is 
roughly 300 times the amount of energy needed annu-
ally to power the Mongol empire. 
If society is to be more dependent on bioenergy re-
sources, the total size of global human population 
should also be limited by all humane methods.51 With 
increasing population, limited energy resources will 
eventually only support a high quality of life for a de-
clining few.15 Energy use at 50 gigajoules per capita per 
year, or 1.6 kilowatts per capita, is associated with lon-
ger lifespans and higher human development indices, 
which is slightly more energy than used on average in 
India and China in 2003.1 Recent analysis suggests that 
better coordination in agriculture and forestry can im-
prove food security, increase bioenergy, and reduce net 
greenhouse gas emissions, largely by reducing meat 
consumption which increases the efficiency of the food 
system in some cases.41 
From an overview of recent developments in ther-
modynamics, it is clear that complexity is not infinitely 
abundant, nor does it arise without a thermodynamic 
cost. In the future, society has potential to develop an 
electrified economy dominated by transformations of 
solar radiation (including wind) with access to greater 
than four orders-of-magnitude more free energy than 
used today from all energy sources;1 yet the speed of 
this transition is slow due to underdeveloped technol-
ogy for electricity storage, high infrastructure costs, and 
societal inertia. But in a future economy where fossil fu-
els are no longer used because of climate change, deeply 
ingrained ecological processes ensure that biofuels will 
be the last carbon-based fuel to be made obsolete for hu-
man transportation. 
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§ Short rotation coppice.41 Sweet sorghum (SS) grown across Nebraska had average yields of 26.3 (7.5–48) Mg ha–1 
yr–1 of dry aboveground biomass with 34 to 66 cm seasonal rainfall42 and similar high yields have been observed 
across the US.43 Irrigated corn (a similar C4 crop) in Nebraska has had average aboveground dry biomass yields of 
20.3 Mg ha–1 yr–1 from 2001 to 2008.59 These measurements suggest SS could have similar and better yields across 
the Corn Belt and eastern US by 2050 as estimated above. FT-biodiesel from SS would require slightly more land, 
15.1 Mha (11.7%). 
* 303.6 Mha of US forest land in 2009.56  
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